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Abstract 
Concrete-filled double skin tube (CFDST) is a 
creative innovation of steel-concrete-steel 
composite construction, formed by two 
concentric steel tubes separated by a concrete 
filler. Over the recent years, this column form 
has been widely used as a new sustainable 
alternative to existing structural bridge piers 
and building columns. Since they could be 
vulnerable to impact from passing vessels or 
vehicles, it is necessary to understand their 
behaviour under lateral impact loads. With this 
in mind, physical tests on full scale columns were 
performed using an innovative horizontal impact 
testing system to obtain the failure modes, the 
time history of the impact force, reaction forces 
and global lateral deflection as well as 
permanent local buckling profile of the columns. 
The experimental testing was complemented and 
supplemented by developing and using an 
advanced finite element analysis model. The 
model was validated by comparing the 
numerical results against experimental data. 
The findings of this study will serve as a 
benchmark reference for future analysis and 
design of CFDST columns. 
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1 Introduction 
Concrete-filled double skin steel tube (CFDST) 
is a creative innovation of steel-concrete 
composite construction, formed by two 
concentric steel tubes separated by a concrete 
filler. Over the recent years, they have been 
widely used as a new sustainable alternative to 
existing structural bridge piers and building 
columns. These load-bearing components are 
likely to suffer from various accidental or 
intentional lateral impacts such as those caused 
by collision of vehicles, vessels or flying debris 
from a nearby explosion. Increased 
industrialization and terroristic attacks have 
escalated the risk of damages that can be very 
costly to repair or can cause a structure to 
collapse with the associated risk of human injury 
or fatality. It is therefore necessary to design 
these members to withstand such impulsive 
loads.  
Several studies have been conducted to 
investigate the strength of CFDSTs under axial 
and bending loads and their ability to dissipate 
energy under cyclic loads [1-6]. However, very 
few studies have been conducted to investigate 
their lateral impact performance. Among the few 
studies on behavior of CFDST members under 
lateral impact, Corbett et al [7] conducted an 
experimental study on small scale CFDSTs to 
investigate their ability to resist high-velocity 
projectile lateral impact load (i.e., sharp local 
impact or penetration) when they are used as a 
replacement to the original section or as a 
protective jacket to the subsea steel tube piping 
system or steel pressure vessels. In their tests, the 
specimens were placed against a flat immovable 
plate and struck radially along a diameter at their 
mid-section by means of a 12.7 mm diameter 
projectiles with hemispherical tips fired from a 
compressed air gun.  The 72.5 g projectile was 
fired at different velocities ranging from 45 
m/sec to 200 m/sec. The results of the 
experiments indicated highly localized circular 
shape dents on the outer tube and axially 
extended dents on the inner tube. The results also 
showed that increasing the concrete filler results 
in a significant increase in the energy required 
for complete preformation. Recently, Wang et al 
[8] numerically investigated the effectiveness of 
CFDSTs for use in oil and gas pipeline 
applications in offshore industries, particularly 
in arctic environments, to resist penetration by 
an impacting object such as ice floes, icebergs 
and trawl gear from fishing vessels. To conduct 
the study, they developed finite element models 
using the finite element program LS-DYNA. 
These models were not validated against any 
experimental data. In the model, they assumed 
an indenter with semi-cylindrical head strikes a 
CFDST pipe at mid-span. The numerical results 
indicated that the CFDSTs have a strong 
resistance under lateral impact loading. 
Additionally, it was found that outer pipe plays 
an indispensable role in improving the lateral 
impact resistance of CFDSTs. Removing the 
inner tube from CFDST results in a significant 
increase in the maximum indentation. 
Additionally, Li et al [9] numerically  examined 
the behavior of CFDSTs when used as structural 
members in high rise buildings or bridges 
subjected to lateral impact from a striking plane, 
boat or vehicle. They developed a finite element 
model using the finite element software 
ABAQUS. This model was not validated against 
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any tests data. The model simulated CFDST 
members subjected to lateral impact at mid-span 
using a drop-weight with a rectangular flat-
headed indenter. The results of the numerical 
analysis suggested that the failure modes of 
CFDSTs under lateral impact includes the global 
bending deformation and local bucking at mid-
span. Very recently, Wang, Qian [10] conducted 
an experimental study to assess the lateral impact 
performance of double skin steel pipes filled 
with ultra-light weight cement composite 
(ULCC) when used as submarine oil and gas 
pipelines. They used a drop-weight impact test 
facility with a rigid indenter which had a semi-
cylindrical head to conduct the study. The results 
suggested superior impact performance with 
higher impact resistance, smaller global 
deformation and local indentation of ULCC-
filled pipe-in-pipe specimens compared to steel 
hollow tubes. It was found that the outer pipe 
thickness directly influences the impact 
resistance and the global bending deformation. 
The ULCC layer effectively restricts the 
indentation within a highly localized region 
around the impact point and limits the 
deformation of steel pipes.  
The studies mentioned above indicate that 
CFDST members have good impact resistance, 
in general. However, these studies are limited in 
scope and their conclusions are preliminary. 
They lack experimental insight into the response 
of CFDST members when used as structural 
columns subjected to a combination of lateral 
impact and axial loads induced by live and dead 
loads of building slabs or bridge decks. 
Additionally, from a thorough literature search, 
no reference was found on the use of a validated 
finite element model to simulate the lateral 
impact performance of axially pre-loaded 
CFDST columns. 
This paper is therefore aims to investigate, 
experimentally and numerically, the 
performance of CFDST members subjected to 
lateral impact, in which the effect of axial load is 
also considered. The aims of the current research 
were threefold. First, to report the new 
experimental results on CFSDT members under 
lateral impact obtained using an innovative 
horizontal impact testing system. Second, to 
study the typical failure modes and the time 
history of the impact forces, displacements and 
reaction forces for the composite members based 
on the test results. And third, to develop and 
validate a finite element analysis (FEA) model 
which can be used for further study on the 
CFDST members under impact loads. 
 
2 Experimental program 
 
2.1 Specimen preparation and test matrix 
The experimental program included six CFDST 
specimens with circular outer and inner steel 
tubes. The typical CFDST section is shown in 
Fig. 1. The specimens were 3 m long. The outer 
tubes had an outside diameter (Do) and a wall 
thickness (to) of 165.1 mm and 5.4 mm, 
respectively. The inner tubes had an outside 
diameter (Di) and a wall thickness (ti) of 33.7 
mm and 4 mm, respectively.  
Figure 1. Typical profile of the CFDST 
specimens 
Outer steel tube 
Inner steel tube 
Concrete 
Do 
to 
Di 
ti 
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In all the impact tests, velocity and mass of the 
striker were kept constant and the axial pre-
loading was varied. Three series of tests, with a 
total of six tests, involving different axial loads 
were conducted as shown in Table 1. To ensure 
repeatability of the tests, more than one 
specimen was tested for each series except for 
the first one. The considered axial pre-loadings 
were 0 kN, 200 kN and 400 kN, which were 
within a range of 0%, 15% and 30% of the 
specimen’s axial capacity. The impact location 
was mid-span. The striker mass was 262 kg and 
initial impact velocity was 7.8 m/sec. Simply 
supported boundary conditions were applied at 
the ends of all specimens. 
Each specimen was identified using a label, 
where the last two letters refer to the experiment 
number (1, 2 or 3) and whether the specimen was 
the first sample (A) or the repeated sample (B or 
C).  
Table 1. Test matrix 
Test 
Series 
Specimen 
Axial Load 
(kN) 
Impact 
Location 
#1 CFDST1A 0 Mid-span 
#2 
CFDST2A 200 Mid-span 
CFDST2B 200 Mid-span 
CFDST2C 200 Mid-span 
#3 
CFDST3A 400 Mid-span 
CFDST3B 400 Mid-span 
 
2.2 Material properties 
In preparing the specimens, cold-formed hollow 
steel tubes were used and the concrete was 
poured from the top into the annulus between the 
tubes and vibrated.   
Tensile coupon tests carried out under conditions 
specified in AS 1391 (2007) [11] showed that the 
mean yield and ultimate strengths of outer steel 
tubes were 299.5 MPa and 358.5 MPa, 
respectively. They were 401.3 MPa and 433.4 
MPa, respectively, for the inner steel tube. The 
concrete core had a nominal compressive 
strength and maximum aggregate size of 25 MPa 
and 10 mm, respectively. The mean measured 
unconfined compressive strength of 100 mm × 
200 mm concrete cylinder at the day of testing 
was 32.35 MPa as determined in accordance 
with AS1012.9 (1999) [12].  
 
2.3 Horizontal impact-testing system 
(HITS) 
The experimental testing in this study made use 
of a new innovative horizontal impact testing 
system (HITS), which was designed, constructed 
and installed on the strong floor of the Banyo 
structures laboratory, Queensland University of 
Technology (QUT). The horizontal impact-
testing system is shown in Fig. 2. 
Figure 2. Horizontal impact-testing system 
 
The HITS is a repeatable, compact, efficient and 
cost-effective impact testing system, which 
greatly assists in collection of data on the 
fundamental behavior of structural members 
subjected to impact loading. It requires less 
space than the drop-weight test unit or pendulum 
High-speed camera CFDST specimen 
 
Pneumatic instrumented striker 
 
Control Box 
Axial pre-loading frame 
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rig and hence it is a better choice where 
laboratory spaces are limited.  This rig enables 
specimens of different lengths and cross-
sectional shapes and geometries to be tested 
under a combination of axial and lateral impact 
loads. It allows the use of interchangeable 
impact heads and variations in impact angle, 
impact energy (i.e., mass and velocity of 
impact), support conditions of the specimen and 
the level of axial pre-loading. The rig includes a 
pneumatic instrumented striker, an axial pre-
loading frame, specimen supports system, a 
control box, and data measuring instruments. 
The following sections provide a brief 
description of each component. 
 
2.3.1  Pneumatic instrumented striker 
The horizontal striker (Fig. 3) was initially used 
for testing composite road safety barriers in a 
research project supported by the Australian 
Research Council. It is 3.3 m long, 0.83 m wide 
and 0.84 m high, powered by compressed air 
which is kept inside an enclosed pressure vessel 
and designed to have the capability of propelling 
an impact mass of up to 325 kg to a maximum 
velocity of 8 m/sec at full capacity. The striker 
includes a frame, guide rails, an impact carriage, 
an impact head, ballasts, an actuator, a locking 
device, a crush shaft and an aluminum crush 
tube.  
The frame is firmly fixed in place via two 
anchors, which are bolted to the strong floor, to 
increase the rig stability. Two parallel guide rails 
provide supports for the impact carriage. The 
impact carriage is the only movable component 
of the striker. It is propelled by expansion of the 
air-spring bellows, utilizing the energy stored in 
the pressure vessel. It is supported on the 
guiderails by six sets of three bearings: two 
bearings provide vertical supports and one 
bearing provides horizontal support. As such, the 
motion of the impact carriage is limited to a 
single translational degree of freedom. The 
impact head, the ballast, and the crush tube are 
all installed on the impact carriage.  
The impact head functions as the contacting 
body that impacts with the test specimen. Fig. 4 
shows the dimensions of the curved impact head, 
which was used in the tests. The ballasts or 
additional masses are used to vary the mass of 
the impact body. The steel crush shaft acts to 
limit the travel of the impact carriage. The 
aluminum crush tube is designed to crush and 
absorb the remnant kinetic energy of the impact 
carriage once the carriage has travelled the 
maximum length of the steel shaft.  
The locking device consists of a commercial 
quick release device and a steel shaft. The shaft 
is connected on one end to the impact side face 
of the bellows and features a shackle to fit the 
release mechanism on the other end. The shackle 
is fixed in the jaws of the release mechanism 
before filling of the pressure vessel. Once the 
pressure vessel is filled to the desired pressure, 
jaws are opened to release the shackle, which in 
turn releases the bellows. The actuator consists 
of a pressure vessel and an attached set of 
expanding bellows. Upon release of the locking 
device, the pressured air within the vessel 
rapidly expands the bellows. The expansion of 
the bellows acts to propel the impact carriage 
towards the test specimen.   
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Figure 3. Pneumatic instrumented striker 
 
 
  
 
 
(a) isometric view (b) side view (c) plan view 
Figure 4. Dimensions of the curved impact head 
 
2.3.2 Axial pre-loading frame 
The axial pre-loading frame (Fig. 5) comprises 
of two specimen end caps, a ram cap at the 
hydraulic ram side, a plain cap or fixed support 
frame (depending on the required support 
conditions) at non-ram side, a set of self-reacting 
system of disc-springs and two tension-rods. 
Since, in this study, simply supported conditions 
were considered at both specimen ends, the plain 
cap was used at the non-ram side and the ram cap 
was used at the ram side.  
A combination of tension-rods and a set of self-
reacting compressive disc-springs are introduced 
into the axial loading frame to apply the axial 
load and effectively mitigate possible axial load 
loss. Upon travel of the plunger of a 1390 kN 
hydraulic ram towards the specimen, the ram cap 
and plain cap create tension in the tension-rods 
and compression in the disc-springs. The 
tensioning of the rods and compression of disc-
Locking device 
 
Pressure vessel 
 
Air-spring bellows 
 
Crush tube 
 
Impact carriage 
Ballasts 
Impact head 
Guide rails 
Frame 
Anchor Anchor Crush shaft 
Impact 
direction 
400mm 
4
0
0
m
m
 
17.76mm 
R500mm 
59.50mm 
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springs create a compressive axial load at both 
ends of the specimen, which is distributed across 
specimen cross section by the specimen end cap. 
In this study, the annular disc-springs had an 
outer diameter of 125 mm, an inner diameter of 
67 mm and a thickness of 8 mm. The springs 
were assembled in two different arrangements. 
The first arrangement used in the second series 
of tests had twelve sets of 2 parallel disc-springs 
in series (total of 24) while the second 
arrangement used in the third series of tests had 
six sets of 4 parallel disc-springs (total of 24) in 
each rod. A single stack of disc-springs in the 
first and second arrangements, as shown in Fig. 
6, can apply axial loads of more than 100 kN and 
200 kN, respectively, in the linear part of the 
disc-spring behaviour. The first and the second 
arrangements of these disc-springs in the two 
parallel rods are hence capable of applying total 
axial loads of 200 kN and 400 kN required in the 
different tests series, in this study.  
 
2.3.3 Specimen supports system 
The specimen support system comprises of a 
reaction plate and a supporting frame at each end 
of the specimen. Each reaction plate (Fig. 7) 
located at each specimen’s end provides a 
support for the specimen in the direction that is 
parallel and opposite of the lateral impact force. 
A steel frame (Fig. 5), located on either side of 
the specimen provides stability and stiffness in 
the direction of the impact. It comprises of two 
universal steel columns fixed to the strong floor 
and a steel lintel bolted to the columns at the 
impact height.
 
(a) Axial pre-loading frame 
 
 
Tension-rods 
Supporting frame 
Ram cap 
CFDST Specimen 
Fixed support frame/Plain cap 
Specimen 
End cap 
Supporting frame 
Hydraulic ram 
Hanger 
Gantry 
Gantry trolley 
Lintel 
Lintel 
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Figure 6. Different arrangements of single stack of disc-springs and their resulting characteristics 
 
 Figure 7. Reaction plate in test assembly
 
 
Figure 5. The axial pre-loading frame including specimen support system 
Total Shortening (mm) 
A
p
p
li
ed
 l
o
ad
 (
k
N
) 
0 
5
 
10 
15
20
25
Arrangement 
Arrangement 
#2 
0                    10                  20                 30               40                  50                  60   
Specimen end cap 
Axial load  
Tension 
Tension 
Compression 
(b) Ram cap at ram side 
Specimen end cap 
Tension 
(c) plain cap at non ram side 
Specimen end cap 
Reaction plate 
Specimen 
Top clamp 
Bottom clamp 
Reaction load cell 
Universal column 
S. Aghdamy , D. P. Thambiratnam, M. Dhanasekar 
 
©  Advanced  Engineering Solutions (AES.COM) 
Ottawa, Canada.  
All rights are reserved. 
 
 
2.3.4 Control box 
The control box houses the electronics required 
for the safe operation of the impact testing rig, as 
well as the data acquisition electronics. A high-
speed data acquisition system was employed to 
digitize the output signals and to read, write and 
process the data. Sampling from all sensors was 
carried out simultaneously at a frequency of 25 
kHz per channel leading to a detailed reflection 
of the whole impact process. 
 
2.3.5 Data measuring instruments 
To measure the impact carriage velocity three 
different devices, namely a string potentiometer 
(Fig. 8a), a velocity proximeter (Fig. 8b) and two 
accelerometers (Fig. 8b) were employed. 
The string potentiometer, which is a position 
transducer, was used to record the displacement-
time history of the carriage. From this record the 
velocity profile of the carriage was obtained. The 
velocity proximeter consists of a proximity 
probe and steel linear tooth encoder rail. When 
the impact carriage accelerates, the proximity 
probe actively detects the presence of the steel 
teeth and changes the current. The changes in the 
current were output as binary signals. Knowing 
the tooth width, distance between the teeth and 
the rate of current change, the velocity of the 
carriage was determined. The integration of the 
carriage acceleration over time, provided the 
carriage velocity profile. Based upon the relative 
rigidity of the impact head in comparison with 
the CFDST columns, the obtained carriage 
acceleration from accelerometers along with 
known impact mass was also used to determine 
the impact force. To monitor the axial load 
during the impact, two axial load cells were 
housed on the specimen end cap located on the 
ram cap side of the loading frame. Additionally, 
a compression-tension load cell was placed at 
either side of the specimen between the reaction 
plate and the universal column of specimen 
support system to record the reaction forces. A 
high-speed camera was employed to closely 
monitor the behaviour of the column at the 
impact zone. Three laser displacement sensors 
(LDSs) were used to measure the global 
deflections at different locations along the 
column backside and provide an indication of the 
columns’ curvature.  
(a) String potentiometer 
(b)Velocity proximeter and accelerometers 
Figure 8. Devises used to measure velocity of 
carriage 
 
2.4 Testing procedure 
The axial load was gradually increased until it 
reached the specified value. The actuator was 
then charged with compressed air to the desired 
level using the LabView application on the 
computer. Once the specified pressure was 
reached, the impact carriage was lunched. 
Movement of the carriage from the firing 
position was detected by a proximity sensor, 
which triggered all the sensors including high-
speed camera. 
String potentiometer’s housing String 
Carriage 
Accelerometers’ house 
Ballast 
Encoder rail 
proximity probe 
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3 Experimental results 
 
3.1 Failure mechanism 
Fig. 9 shows the CFDST columns after the 
impact and it is evident that all the specimens 
experienced global bending deformation failure. 
The increase in the axial load level increased the 
column global buckling due to exacerbation of 
second-order bending effect. In addition to the 
global failure, local bucking was observed in all 
specimens at the point of impact. Fig. 10 shows 
a typical local buckling of the columns. 
Figure 9. Global buckling failure of CFDST 
columns  
Figure 10. Typical local buckling failure of 
CFDST columns  
 
3.2 Impact force-time history 
Fig. 11 shows a typical impact force-time history 
obtained experimentally. The impact force 
increases sharply to a peak value at the very 
beginning of the strike and this is followed by 
further spikes of smaller amplitudes. Sudden 
change of contact between specimen and impact 
head caused by vibrations at the first contact 
could be responsible for these latter spikes.  
After this vibration phase, the specimen and the 
impact head move together and remain in 
contact. During this phase, the impact force 
reaches a plateau. As soon as the specimen 
reaches its maximum global displacement, the 
specimen and the impact head rebound. This 
would be the end of plateau phase and start of 
unloading phase. In the unloading phase, the 
impact head rebounds at a faster velocity than 
the specimen, the bending stiffness of which 
slows down the rebound. This results in a contact 
loss and unloading of the impact force to zero 
value.  
 
3.3 Reaction force-time history  
Fig. 12 shows a typical reaction force-time 
history obtained experimentally. Unlike under 
static loading, the reaction force changes 
direction throughout an impact event. When the 
impact force wave associated with the initial 
peak phase reaches the supports, the reaction 
force sharply increases to a peak value (i.e., 
initial peak tensile force) in the direction of the 
applied impact force. High acceleration of the 
column in this phase gives rise to the inertial 
force, causing the inertial force to be larger than 
the applied impact force. Consequently, the true 
bending force is in same direction of the inertial 
force and the total reaction force is in the same 
direction of the impact force. As soon as the 
impact force wave associated with the vibration 
phase arrives, the reaction force changes its 
direction and reaches another peak value in the 
opposite direction (i.e., initial peak compressive 
force), which is then followed by other spikes of 
smaller amplitude. The change in the direction of  
Local buckling 
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Figure 11. Typical impact force-time history obtained from the test series 
  
Figure 12. Typical reaction force-time history obtained from the test series 
 
Figure 13. Typical displacement-time history obtained from the test series 
 
  
Initial peak phase 
Vibration phase 
Plateau phase 
Unloading phase 
CFDST3A-Mid-span impact-Axial load: 400kN 
CFDST3B-Mid-span impact-Axial load: 400kN 
CFDST3B-Mid-span impact-Axial load: 400kN 
CFDST3A-Mid-span impact-Axial load: 400kN 
Initial peak tensile force 
Initial peak 
compressive force 
CFDST3A-Mid-span impact-Axial load: 400kN 
CFDST3B-Mid-span impact-Axial load: 400kN 
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the force from negative to positive could be due 
to reduction of the inertial effects caused by the 
column deceleration. After this phase, as in the 
impact force-time history, the total reaction force 
reaches a plateau followed by a gradually 
decreasing phase until it approaches zero.  
 
3.4 Displacement-time history 
Fig. 13 shows a typical displacement-time 
history obtained experimentally. As it can be 
seen from this figure, the global displacement 
gradually increases to its peak value and then 
decreases with the rebound of the specimen. 
After the separation of the specimen and the 
impact head, the specimen recovers the elastic 
portion of the deflection and then begins to 
vibrate freely until the energy is damped out. 
This vibration leads to the slight oscillation of 
the displacement curve.  
 
4 Finite element analysis (FEA) model 
 
4.1 Description of the FEA model 
In this study, the FEA model was established 
using the explicit dynamic non-linear finite 
element code, LS-DYNA (version 971) [13]. The 
model comprised of fourteen main components 
as shown in Fig. 14. These components were the 
impact head of carriage, specimen’s outer steel 
tube, specimen’s inner steel tube, specimen’s 
concrete core, two steel end plates of the 
specimens, two steel reaction plates, two steel 
end caps, two steel base plates of the load cells 
and two sets of axial linear springs. The springs 
had a stiffness equivalent to that of the disc-
springs and tension-rods to represent their 
actions in the tests.  
The impact head, specimen’s concrete core and 
specimen’s end caps were modelled using 8-
node hexahedron “constant stress” solid 
elements with one-point integration. The inner 
and outer tubes of the specimens, specimen’ end 
plates, reaction plates, and load cells’ base plates 
were modelled using Belytschko-Tsay 4-node 
quadrilateral thin shell elements with five 
integration points through the thickness. The 
springs were modelled using discrete elements. 
In order to ensure the efficiency of the simulation 
a mesh convergence study was carried out to 
determine an appropriate mesh density.  
MAT_CONCRETE_DAMAGE_REL3 which is 
the third release of Karagozian and Case 
concrete model [14] was used to simulate the 
behaviour of core concrete. In order to introduce 
the strain rate effect in the model, a curve 
defining the relationship between effective strain 
rate and dynamic increase factor (DIF), was 
constructed using the LS-DYNA define (load) 
curve function. The relationship between the 
DIF for concrete compressive strength and strain 
rate was modelled based on Equation 1 
recommended in CEB-FIP Model Code 1990 
[15]. 
 
𝐷𝐼𝐹 =
𝑓𝑐
𝑓𝑐𝑠
= {
[
𝜀
𝜀𝑠
]
1.026𝛼𝑠
,  𝜀 ≤ 30 𝑠−1
𝛾𝑠 [
𝜀
𝜀𝑠
]
1
3
,        𝜀 > 30 𝑠−1
     (1)     
                                                    
in which, fc is dynamic compressive strength at 
ε, fcs is static compressive strength at εs, ε is strain 
rate in the range of 30×10-6 to 300 sec, εs is 
30×10-6 s-1 (static strain rate), log(γ)=6.156α-2, 
αs=1/(5+9fsc/fco), and fco=10 MPa. The 
relationship between the DIF for the concrete 
tensile strength and strain rate was modelled 
based on Equation 2 proposed by Malvar and 
Crawford [16] . 
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𝐷𝐼𝐹 =
𝑓𝑡
𝑓𝑡𝑠
= {
[
𝜀
𝜀𝑠
]
𝛿
,      𝜀 ≤ 1 𝑠−1
𝛽 [
𝜀
𝜀𝑠
]
1
3
, 𝜀 > 1 𝑠−1
            (2) 
                                               
where, ft is the dynamic tensile strength at ε, fts is 
the static tensile strength at εs, ε is the strain rate 
in the range of 10-6 to 160 s-1, εs is 10-6 sec-1 
(static strain rate), log(γ)=6δ-2, δ=1/(1+8fsc/fco), 
and fco=10 MPa. 
The steel tubes were modelled using 
MAT_PIECEWISE_LINEAR_PLASTICITY 
[14] with invoked viscoplastic strain-rate 
formulation. The strain rate effect was 
incorporated in the model by specifying the 
coefficients C and P used in Cowper Symonds 
strain rate relationship given in Equation 3.  
 
𝜎′𝑑
𝜎𝑠
= 1 + [
𝜀
𝐶
]
1
𝑝
                                                        (3) 
 
where, σ’d is the dynamic flow stress at a uni-
axial plastic strain rate ε and σs is stress 
associated with static flow stress. The Cowper-
Symonds coefficients for mild steel were taken 
as 40.4 (C) and 5 (P) as recommended in [17].  
Since the physical inspection carried out after 
each impact test showed no signs of deformation 
in the impact head, end plates and end caps, it 
was reasonable to assume that they essentially 
had rigid behaviour and hence model them using 
the MAT_RIGID. This treatment is very cost 
efficient as rigid elements are bypassed in the 
element processing and no storage is allocated 
for storing the history variables. To simulate the 
constitutive behaviour of the steel reaction 
plates, which had undergone permanent bending 
deformation in all tests, they were modelled 
using elastic-plastic material model MAT_ 
PIECEWISE_LINEAR_PLASTICITY. The 
base plates of the load cells behaved elastically 
in the impact tests and hence were modelled 
using MAT_ELASTIC. 
MAT_SPRING_ELASTIC was adopted to 
model the action of the combination of disc-
springs and tension-rods of the axial loading 
frame in applying and maintaining the axial load. 
CONTACT_AUTOMATIC_SURFACE_TO_S
URFACE, which is a penalty-based contact 
algorithm, was employed to model the interface 
between (1) the impact head and the specimen’s 
outer tube, (2) the specimen’s outer tube and the 
specimen’s concrete core, (3) the specimen’s 
concrete core and the specimen’s inner tube and 
(4) the specimen end caps and the specimen end 
plates. The dynamic friction coefficient of 0.6 
and static friction coefficient of 0.7 were applied 
to the impact head and outer steel tube interface 
as well as the specimen end caps and the 
specimen end plates interface, as recommended 
in [18]. For the interface between the outer steel 
tube and concrete core as well as the inner steel 
tube and concrete core, the dynamic and static 
friction coefficient of 0.45 and 0.57 were used, 
respectively, as recommended in [19, 20]. 
*CONSTRAINED_EXTRA_NODES, which 
ties the nodes of a deformable surface to a rigid 
body, was used to connect (1) the specimen end 
plates to the reaction plates, (2) the specimen end 
plates to the specimen ends and (3) the specimen 
end caps to the reaction plates. To tie together the 
reaction plates to the base plates of the load cells, 
which both comprised of deformable elements, 
*CONTACT_TIED_NODES_TO_SURFACE 
was used. 
To represent support conditions in the impact 
tests, the translational displacement of the base 
plates of the load cells were restrained in the 
global Y direction (i.e., impact direction) at a line 
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of nodes at their end by defining single point 
constraints using BOUNDARY_SPC command 
in LS-DYNA. To limit the motion of the impact 
head to the impacting direction, as in the 
experiments, its translational displacements 
were restrained in Global X and Z directions and 
its rotations were restrained in all global 
directions using card 2 of *MAT_RIGID. 
Whilst, each spring was connected at one end to 
the specimen end cap at the boss location, the 
other end was restrained, rotationally, in all 
global directions and, translationally, in all 
global directions except global X direction, 
using BOUNDARY_SPC. 
In order to combine static axial load and 
dynamic lateral impact in a single model, the 
explicit analysis with dynamic relaxation option 
was used. Explicit dynamic relaxation is a 
transient analysis that takes place in ‘pseudo-
time’. Within a dynamic relaxation algorithm, 
nodal velocities are damped by a defined factor 
each time until the kinetic energy falls below a 
specific convergence value. Then, the analysis 
stops and the current state becomes the initial 
state of the impact analysis. To apply the impact 
load, the impact head was assigned with an 
initial velocity in the global Y direction that 
corresponds to the impact head velocity just 
before impacting the column in the tests.  
4.2 Validation of FEA model 
To evaluate the validity of the numerical model, 
the results from the numerical simulations of the 
experimental impact testing were compared with 
those from the experimental testing data.  
Figure 15, 16 and 17 show the comparison 
between the experimental and numerical results 
in terms of time histories of impact force, 
reaction force and displacement, respectively. 
Additionally, Table 2 summaries the results in 
terms of key parameters (i.e., initial peak force 
(Fm), impact duration (ti), initial peak total 
reaction forces in tension (Rmt), initial peak total 
reaction forces in compression (Rmc), reaction 
force duration (tr), maximum deflection (δm) and 
residual deflection (δr). 
The experimental results contained in Table 2 are 
the averaged results obtained from the tests 
conducted within each series. Overall, the results 
compare well in terms of the general trends of 
time history curves, as well as the values for key 
parameters. 
 
 
 
 
 
 
 
Impact head 
CFDST column 
Specimen end cap Specimen end cap 
Springs Springs 
Reaction plate Reaction plate 
Base plate of load cell 
plate 
Base plate of load cell 
plate 
Figure 14. View of the numerical model 
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Figure 15. Typical results obtained from comparison of simulated and experimental impact force-time histories 
 
Figure 16. Typical results obtained from comparison of simulated and experimental reaction force-time histories 
L/2 L/2 
Impact 
Figure 17. Typical results obtained from comparison of simulated and experimental displacement-time histories 
S. Aghdamy , D. P. Thambiratnam, M. Dhanasekar 
 
 
©  Advanced  Engineering Solutions (AES.COM) 
Ottawa, Canada.  
All rights are reserved. 
 
Table 2. Summary of comparison of numerical and experimental key results 
 
5 Conclusions 
This paper presented an investigation on the 
response of axially pre-loaded CFDST columns 
subjected to lateral impact loading. The 
experimental testing was conducted using a 
novel horizontal impact testing rig. Useful 
information on the CFDST column failure 
mechanisms, impact force-time history, total 
reaction force-time history, global displacement-
time history and permanent local buckling 
profile, were obtained from the tests. 
Additionally, a numerical model was developed 
to simulate the experimental impact tests. The 
numerical results were then compared with the  
experimental results to evaluate its validity. 
Overall, the predicted results showed good 
agreement with those from the experiments. The 
good correlation of time histories, as well as the 
relatively small differences in the results for the 
key parameters showed that the numerical model 
was able to represent the lateral impact behavior 
of the axially pre-loaded CFDST columns with a 
good level of accuracy and can be used as a 
viable alternative to experimental testing in the 
analysis and design process of CFDST columns. 
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